This work investigates the impact of surface and bulk polaritons on the optical properties, especially the reflectance, of a negative index metamaterial (NIM) sandwiched between different dielectric layers. Regime maps are developed to describe the polariton dispersion relations and to help understand the effect of the NIM layer thickness on the polariton resonance frequencies. It is shown that polaritons exist for both p and s polarizations in the same frequency region where the refractive index is negative; beyond this region, surface polaritons exist for p polarization only. For an NIM layer, the dispersion curves of a surface polariton and a bulk polariton are smoothly connected, suggesting that a surface mode can be converted into a bulk mode, and vice versa. In an attenuated total reflection configuration, the width of the gap between the prism and the NIM layer has a strong influence on the location and the magnitude of the reflectance minimum. Furthermore, surface polaritons may exist at a single boundary and enhance the energy transmission via photon tunneling. The results demonstrate that NIMs may be used to effectively "tune" the optical properties of a layered structure in connection with surface and bulk polaritons.
INTRODUCTION
A polariton is an elementary excitation that occurs when a plasmon or a phonon is resonantly coupled with the incident electromagnetic (EM) wave. 1 A surface polariton (also known as a surface wave) is associated with the EM waves that propagate along the interface and decay exponentially into both media. The excitation of surface polaritons causes a resonant transfer of the photon energy to a surface wave and is manifested in an attenuated total reflection (ATR) configuration as a sharp drop in the reflectance. This strong coupling of energy is a unique characteristic of polaritons and has been intensively studied for various applications, such as high-speed electro-optic modulators, 2 terahertz quantum-cascade lasers, 3 biochemical sensors, 4 and near-field microscopes. 5, 6 Surface polaritons also play an important role in periodically nanostructured metallic films fabricated for the enhancement and directional confinement of the transmitted light. 7, 8 A surface polariton can occur only when either permittivities (for p polarization or TM wave) or permeabilities (for s polarization or TE wave) of the two adjacent media have opposite signs. For a bulk polariton, EM waves oscillate as standing waves inside a thin slab and decay exponentially outside the slab. 9 A typical application is the integrated optical waveguide. 10 However, little research has been performed on the effect of bulk polariton on the reflectance in an ATR setup.
Recent advances in materials research have enabled the synthesis of a metamaterial that exhibits simultaneously negative permittivity and permeability in the microwave region, 11, 12 resulting in a negative index of refraction. A so-called negative index material (NIM), or a left-handed material, has generated tremendous interest, because NIMs introduce some counterintuitive phenomena such as negative refraction, focusing light by a flat slab, and the amplification of evanescent waves. [13] [14] [15] [16] [17] [18] [19] [20] Pendry 18 showed that an evanescent wave could be amplified by an NIM layer and went further to hypothesize that an NIM slab could make a perfect lens, whose resolution is not diffraction limited. Zhang and Fu 19, 20 predicted that the growing evanescent wave in the presence of an NIM layer could enhance the photon tunneling and energy transmission through a multilayer structure. In essence, the amplification of evanescent waves in the above-mentioned applications is attributed to the excitation of surface polaritons. Ruppin 21 first noted that surface polaritons could be excited not only for p polarization but also for s polarization at the interface between an NIM and a dielectric by utilization of its property of negative permittivity and negative permeability. Generally speaking, there are three polariton dispersion curves: two for p polarization and one for s polarization. Darmanyan et al. 22 investigated the frequency domain for the existence of surface polaritons between an NIM and a conventional material. As pointed out by Ruppin, 23 when the thickness of the NIM medium is finite, the polariton dispersion curves split into four branches for p polarization and two branches for s polarization. However, his study dealt only with the symmetric case, in which two media on each side of the NIM layer are made of the same material, and paid little attention to bulk polaritons. A thorough understanding of the polariton phenomena in an NIM layer is required for future applications in optical imaging and energy conversion. In the present work, both surface and bulk polaritons are investigated for an NIM layer sandwiched between dissimilar dielectrics for p and s polarizations. The optical properties are calculated in an ATR setup, as illustrated in Fig. 1 , where radiation is incident from a prism through a vacuum gap onto a planar NIM layer located above a semi-infinite dielectric medium. The effects of NIM layer thickness and the vacuum gap width on the behavior of polaritons are examined. The results are presented in generalized dimensionless forms, making it useful not only in the microwave region but also in other frequency regions, if corresponding NIMs someday can be realized.
POLARITON DISPERSION RELATIONS
The polariton dispersion relations (or criteria) for a slab of thickness d between two semi-infinite media, as shown in Fig. 2 , can be derived following the same procedure as in the work of Ruppin. 23 It is assumed here that each medium is isotropic and can be characterized by a relative permittivity ⑀ and a relative permeability , which generally depend on the frequency. For s polarization, the timeharmonic electric field can be expressed as follows:
where ŷ is the unit vector in the y direction; coefficients A, B, C, and D are determined by the boundary conditions; k x is a tangential wave-vector component, which is identical in all media to satisfy the phase-matching requirement; and ␤ j ͑j =1,2,3͒ is related to the normal wavevector component k z,j by ␤ j =−ik z,j . An evanescent wave in the jth medium is characterized by a purely imaginary k z,j or a purely real (positive) ␤ j . For surface polaritons to occur at both boundaries, evanescent waves must exist in all three media. From
where is the angular frequency and c is the speed of light in vacuum, one obtains
and 3. ͑2͒
The tangential components of the magnetic fields can be obtained using Maxwell's equations as
where 0 is the permeability of the free space. The boundary conditions require the tangential components of the electric and magnetic fields to be continuous at z = 0 and z = d, yielding a set of homogeneous linear equations for coefficients A, B, C, and D. The determinant of this set must be zero for nontrivial solutions to exist. After some manipulations, the following equation, which is the surface-polariton-dispersion relation for s polarization, is obtained:
In a symmetric case, ⑀ 1 = ⑀ 3 and 1 = 3 , Eq. (4) reduces to the dispersion relations derived by Ruppin.
23
A bulk polariton occurs when both k z,1 and k z,3 are purely imaginary, but k z,2 is real. The bulk polariton relation can be obtained if −ik z,2 is substituted for ␤ 2 in Eq. (4) such that 
Notice that Eq. (5) is the same as the dispersion equation of the waveguide, whose solutions exist only when all the phase shifts that the guided wave undergoes are summed up to be a multiple of 2. 10 In the case of a bulk polariton, the electromagnetic fields inside the slab are oscillatory as stationary waves. The polariton relations for p polarization can be obtained if 1 , 2 , and 3 in Eqs. (4) and (5) are replaced with ⑀ 1 , ⑀ 2 , and ⑀ 3 , respectively.
To illustrate the polariton dispersion relations for an NIM layer, we calculate the frequency-dependent complex ⑀ 2 and 2 from the following expressions, as for a wirestrip/split-ring metamaterial 24 :
where p is the plasma frequency, 0 is the resonance frequency, ␥ (Ӷ p and 0 ) is the electron scattering rate, and F is the fractional area of the unit cell occupied by the split ring. Although NIMs have been demonstrated only in the microwave region, researchers around the world are attempting to realize NIMs in the infrared and even visible spectral regions. A numerical simulation suggested that novel NIMs in the near infrared and visible might be achievable by nanowire composites. 25 Shvets 26 predicted that SiC photonic crystals could exhibit a negative index of refraction in the midinfrared. Figure 3 depicts a regime map in a k x − space, illustrating the regions where surface or bulk polaritons may exist. Here, media 1 and 3 are assumed to be lossless and nondispersive dielectrics, with ⑀ 1 Ͻ ⑀ 3 . For the NIM layer, the parameters in Eqs. (6) and (7) are chosen such that 0 / p = 0.4, F = 0.56, and ␥ = 0 (lossless). 24 The effect of ␥ on the optical properties will be discussed later. The regimes are shown by use of dimensionless frequency / p and wave vector (tangential component) k x c / p , so the results are not limited to any specific frequency region. Note that no polaritons can be excited for Ͼ p , because both ⑀ 2 and 2 are positive. Four dotted curves (i), (ii), (iii), and = 0 separate nine different regions. Curves (i), (ii), and (iii) correspond to = k x c / ͱ ⑀ for media 1, 2, and 3, respectively. Because the dielectric media are assumed to be nondispersive, (i) and (iii) are straight lines. Notice that the condition for = k x c / ͱ ⑀ corresponds to k z = 0 in any given medium. On the basis of Eq. (2), in the regions on the left of line (i), k x is too small to excite any evanescent waves in media 1 and 3; thus no polaritons can exist in regions R1, R2, and R3. In regions between lines (i) and (iii), an evanescent wave appears in medium 1, whereas a propagating wave occurs in medium 3. A surface polariton may exist only at the interface between media 1 and 2. In regions on the right of line (iii), evanescent waves emerge in both media 1 and 3; hence, surface polaritons may exist at dual boundaries, and bulk polaritons may also exist.
The shaded area indicates the frequency interval 0.4 p Ͻ Ͻ 0.6 p , where both ⑀ 2 and 2 are simultaneously negative. In the upper regions of curve (ii), evanescent waves exist in the NIM layer. In the shaded area, surface polaritons may be observed in region SS1 at a single boundary and in region SD1 at dual boundaries of the NIM slab, for both p and s polarizations. Surface polaritons may also exist in regions SS1 and SD1 above the shaded area for p polarization only (because ⑀ 2 Ͻ 0 but 2 Ͼ 0 for 0.6 p Ͻ Ͻ p ). On the other hand, in regions between the curve = 0 and curve (ii), only propagating waves exist in the NIM layer, because k z,2 Ͼ 0. Therefore no polaritons may exist in region R4, whereas bulk polaritons can occur in region BK. Attention is now paid to regions below the curve = 0 , where ⑀ 2 Ͻ 0 and 2 Ͼ 0. Because k z,2 is purely imaginary, surface polaritons may occur only for p polarization at a single boundary in region SS2 and dual boundaries in region SD2.
It should be noted that regions between lines (i) and (iii) exist only when the two dielectric media are different. In the symmetric case ⑀ 1 = ⑀ 3 the two lines will merge into one, and the results will be identical to those presented by Ruppin. 23 Since there may exist surface polaritons at a single boundary in regions SS1 and SS2, the polariton dispersion relation in those regions is simplified to that for two semi-infinite media, i.e., 21, 22 The polariton dispersion relations for s polarization are shown in Fig. 4 with different NIM thicknesses: d / p = 0.5 and d / p = 0.1, where p = c / p is the wavelength associated with the plasma frequency. For the dielectric media, it is assumed that ⑀ 1 = 1 (i.e., vacuum) and ⑀ 3 = 2. The dotted curves are the same as the corresponding ones in Fig. 3 . Two dash-dotted lines, (I) and (II), are drawn to facilitate the discussion in the next session on the optical properties in an ATR setup shown in Fig. 1 . Line (I), between lines (i) and (iii), denotes a smaller angle of incidence ͑ i ͒ that can excite evanescent waves in medium 1 but not in medium 3. Line (II), on the right of line (iii), denotes a larger i that can excite evanescent waves in both media 1 and 3.
The thin solid curves represent surface polariton relations obtained from Eq. (4) for finite d. The two surface polariton curves become more separated as the NIM thickness is reduced. A large separation between the two dispersion curves is an indication of a strong coupling between the associated electromagnetic fields of the two surface polaritons. In the limit when the thickness approaches infinity, d / p ӷ 1, the polaritons are completely decoupled, resulting in two thick solid curves describing the surface polariton relation between media 1 and 2 and that between media 3 and 2. Note that Eq. (4) breaks into two simple surface polariton relations, ␤ 1 / 1 + ␤ 2 / 2 =0 and ␤ 2 / 2 + ␤ 3 / 3 = 0, because coth͑␤ 2 d͒ =1 as d → ϱ. The thick curves are close to each other, indicating that there is no coupling between the two surface polaritons. Only one surface polariton exists in region SS1 at the interface between media 1 and 2. In the symmetric situation when ⑀ 1 = ⑀ 3 , the two thick curves become identical. 21, 22 The dashed curves in Fig. 4 illustrate the bulkpolariton-dispersion relations. When compared with bulk polaritons in a slab of conventional material, 9,27 bulk polaritons of the NIM layer show a distinct feature. The dispersion curves of a surface polariton and a bulk polariton meet at curve (ii), the boundary between regions SD1 and BK (identified in Fig. 3 ). This suggests that the surface polariton of the lower frequency can be converted to the first-order bulk polariton, either by a reduction of the angle of incidence or by a decrease of the NIM thickness. The convertibility of polariton modes is a unique feature, because only an NIM can possess surface polaritons within the pass band, in which both the permittivity and the permeability are simultaneously negative. [21] [22] [23] [24] In contrast, in a slab of conventional material, surface polaritons exist only in the frequency region of the stop band, in which bulk polaritons are not permitted, since they are propagating modes. 9 The thickness of the NIM layer can affect the distribution of bulk-polariton modes. For a thick NIM layer, as shown in Fig. 4(a) , the polariton dispersion curves extend over the frequency range in region BK. When the NIM layer is thin, on the other hand, the dispersion curves except one are crowded near = 0 , as seen from Fig. 4(b) . Another feature worthy of mention is that the slope of a polariton dispersion curve, d / dk x , represents the group velocity along the x direction. The surface polariton of the higher frequency has a negative group velocity, whereas that of the lower frequency has a positive one. Since the group velocity is equivalent to the energy velocity (or the signal velocity) in the lossless NIM, 17 energy propagates along the surface in opposite directions for different surface polariton modes. However, notice that this behavior changes with different layer thicknesses; both modes have negative group velocities under the uncoupled condition (thick curves), and for d = 0.1 p , the higher frequency mode has a positive group velocity near line (iii). Bulk polaritons, except that of the first order, have nearly zero group velocity, indicating that most of the bulk-polariton modes in the NIM slab do not transmit signals like those in conventional waveguides.
Polaritons for s polarization are observable only within the pass band ͑0.4 p Ͻ Ͻ 0.6 p ͒. On the contrary, polaritons for p polarization can be excited in the frequency regions 0 Ͻ Ͻ 0 and 0 Ͻ Ͻ p with different branches, as shown in Fig. 5 . In general, the dispersion curves for surface polaritons in the low-frequency regions (SS2 and SD2) look similar to those with a metal slab. 27 Nevertheless, an NIM possesses two more surface-polariton curves in the high-frequency regions (SS1 and SD1), in which the lower-frequency curve extends to the boundary between regions SD1 and BK to meet with the first-order bulkpolariton curve, similar to the case for s polarization. Fig. 4(a) , surface-polariton-dispersion curves in regions SS2 and SD2 are indistinguishable from their uncoupled counterparts (thick solid curves), indicating that surface polaritons for p polarization are not so sensitive to the thickness unless d Ͻ 0.25 p . From the slopes of polariton dispersion curves in Fig. 5 , the group velocities of surface polaritons are positive for p polarization.
OPTICAL PROPERTIES
The ATR configuration is commonly used to excite surface polaritons. Figure 1 illustrates the setup used in the present study. When the incidence angle i is greater than the critical angle cr = sin −1 ͑⑀ 1 / ⑀ prism ͒ 1/2 , where ⑀ prism is a relative permittivity of the prism, k z,1 becomes purely imaginary and an evanescent wave emerges in the vacuum gap (medium 1 in Fig. 2) . If the gap width h approaches infinity, the evanescent wave will decay exponentially away from the prism and total internal reflection will occur. For a finite h, however, the incident photon energy can be coupled to the surface waves (polaritons), resulting in a reduction in the reflectance, especially near the polariton resonance frequencies. In this case, there are two evanescent waves in the vacuum layer that decay in opposite directions. The electron scattering rate ␥, which was set to zero when the dispersion curves were obtained, must be set to a finite value to account for the inevitable loss (absorption) of the NIM layer (medium 2). Without absorption, the reflectance would be unity, because no energy could be coupled to the surface wave or transmitted to the bottom dielectric (medium 3).
The calculated reflectance R as a function of the dimensionless frequency is shown in Fig. 6 with different NIM layer thicknesses. The angle of incidence i = 60°and the vacuum gap width h = 0.25 p . It is assumed that ⑀ 1 =1 (vacuum), ⑀ 3 = 2, and ⑀ prism = 6. The parameters for calculating ⑀ 2 and 2 remain the same (i.e., 0 = 0.4 p and F = 0.56), except for the electron scattering rate ␥ = 0.012 p . Here, the reflectance and transmittance are computed with the transfer matrix method. 19, 20 Recall that lines (I) or (II) in Figs. 4 and 5 is for a fixed angle of incidence, i.e., = k x c / ͑ ͱ ⑀ prism sin i ͒. With the parameters given above, lines (I) and (II) in these figures correspond to i = 30°and i = 60°, respectively. At i = 60°, an evanescent wave exists in medium 3 and no energy is transmitted; the absorptance is simply 1 − R.
The shaded region in Fig. 6 corresponds to the frequencies where the refractive index of the NIM is negative. Solid curves are for p polarization, and dotted ones are for s polarization. Several dips, due to surface and bulk polaritons, can be clearly seen in the reflectance spectra. The shape of the reflectance dip may be approximated as a Lorentzian function, as with conventional materials. 28 Triangular and circular marks (filled for p polarization and unfilled for s polarization) respectively represent surface and bulk polaritons resonance frequencies that are obtained from the polariton dispersion relations, Eqs. (4) and (5), for the prescribed conditions (with the exception that ␥ = 0). The solutions from the dispersion relations are illustrated in Figs. 4 and 5 as the intersections between line (II) and the polariton-dispersion curves. Take d / p = 0.5 for s polarization as an example. It can be seen in Fig. 4(a) that line (II) intersects with three bulk-polariton curves for 0.4Ͻ / p Ͻ 0.45 and two surface-polariton curves for 0.45Ͻ / p Ͻ 0.5. These frequencies are marked clearly on the dotted curve in Fig. 6 (the second panel from the top). When the NIM layer thickness is reduced, the surface polariton of the lower frequency, in the pass band, is converted into a bulk polariton, while the other bulk polaritons are compressed to the vicinity of 0 and have little effect on the reflectance. The transition from a surface polariton to a bulk polariton occurs at d / p between 0.25 and 0.5 for s polarization and between 0.15 and 0.25 for p polarization. Since the electron scattering rate determines the internal damping that is manifested in the reflectance curve as the full width at half minimum of the reflectance dip, 29 the finite ␥ smears the dips at Ϸ 0 into a smooth shoulder for s polarization and into a small peak for p polarization (bottom panel of Fig. 6 ). If ␥ is very small, however, the reflectance dips due to bulk polaritons will appear near 0 .
It should be noted that the polariton dispersion relations presented in Section 2 were based on zero ␥ and infinite h; therefore, they may not predict the exact locations of the reflectance dip. Although the value of ␥ will affect the magnitude and the width of the reflectance dip, it has little influence on the location of the polariton resonance frequency as long as the associated damping is small. 23 On the other hand, the finite value of h may influence the resonance frequency. As shown in Fig. 6 , although the predicted polariton resonance frequencies are in excellent agreement with the locations of the reflectance minima for s polarization, there appear to be large discrepancies for p polarization. Usually, the polariton dispersion relations for p polarization predict higher frequencies than the frequencies at which the reflectance reaches minima. This deviation suggests that the electromagnetic fields have been perturbed by the presence of the prism, and the effect is stronger for p polarization than for s polarization. If the NIM slab is very thick, surface polaritons at the interface between the NIM and the lower dielectric cannot be excited by the incident EM waves. This is the case for d / p = 1, when only polaritons at the upper interface of the NIM are excited. For p polarization, even with d / p = 0.5, surface polaritons at the lower interface of the NIM slab are hardly noticeable in the reflectance spectrum.
The reflectance dip, associated with the surface polariton of the lowest frequency ͑ Ͻ 0 ͒, becomes much deeper and broader as d / p is reduced from 0.25 to 0.1. Furthermore, the frequency at the reflectance minimum is shifted to a much lower frequency than that obtained from the polariton dispersion relations (triangular marks). Since the internal damping due to the nonzero scattering rate ␥ remains the same, this indicates that there is a considerable increase of radiation damping as the NIM thickness is reduced. Owing to the presence of the prism, the backward evanescent wave in the vacuum layer is coupled into a propagating wave at the bottom of the prism. The backcoupled wave destructively interferes with the reflected wave in the prism to yield a radiation damping effect. 1 Studies on a thin-metallic-film case have shown that, as the thickness of the film decreases, radiation damping of the lower-frequency surface-polariton mode (symmetric type) increases while that of the higherfrequency surface-polariton mode (asymmetric type) decreases. 30, 31 Since the surface polaritons of the NIM layer in region SD2 (i.e., Ͻ 0 ) are similar to those for a metallic film, the enhanced radiation damping is therefore responsible for the dramatic changes in the reflectance minimum at the lowest surface-polariton-resonance (SPR) frequency.
The reflectance spectra for different vacuum gap widths is shown in Fig. 7 , where the NIM thickness is fixed to d = 0.25 p and all other parameters remain the same as in Fig. 6 . When h is equal to or greater than 0.5 p , polaritons have little effect on the reflectance, because the evanescent wave in the vacuum gap decays exponentially and is only weakly coupled to the polaritons. The second panel of Fig. 7 corresponds to the third panel of the vacuum gap enhances the effectiveness of coupling and results in deeper reflectance dips. For s polarization, when h / p Ͻ 0.1, the SPR frequency starts to shift left and bulk polariton with higher frequency tends to disappear. When h / p = 0.01, the reflectance spectra are almost the same as those without the vacuum gap. The change of the reflectance spectrum for p polarization is more apparent. As the vacuum gap width decreases, the two reflectance minima for Ͻ 0 merge with each other and form one dip with a large width when h / p = 0.1. As h is further reduced, reflectance in the dip goes up and the dip becomes shallower. On the other hand, the two surface polaritons at higher frequencies shift left, especially the one in the stop band, and will eventually shift to the pass band (shaded area). The widths of these reflectance dips become broader, owing to radiation damping, until h / p = 0.07. At very small h, a surface polariton at the upper boundary of the NIM layer has a negligible effect on the EM fields as compared with that at the lower boundary, resulting in a weak backcoupled radiation. This is why the width of the reflectance dips becomes smaller at h / p = 0.01. Figure 8 shows the reflectance, transmittance, and absorptance for s polarization at an angle of incidence of i = 30°for (a) d = 0.1 p and (b) d = p . All other conditions are the same as in Fig. 6 . This case is illustrated in Fig. 4 with line (I), when evanescent waves exist in the vacuum gap and a propagating wave exists in the bottom dielectric layer. Therefore energy can be transmitted through the vacuum and NIM layers via evanescent modes, or photon tunneling. 19, 20 The reflectance dip near 0 is caused by resonant absorption. For d = p , the reflectance oscillates owing to the wave interference in the NIM layer within 0.4 p Ͻ Ͻ 0.5 p , which corresponds to region R4 of Fig. 3 . Evanescent waves exist in the NIM layer when Ͼ 0.5 p , corresponding to region SS1 in Fig. 3 . Therefore surface polaritons may play a role for this reflectance dip. The diamond marks on the reflectance spectra represent the frequency at the intersection between line (I) and the thick curve in Fig. 4 . The SPR frequency obtained from the polariton dispersion relation is based on infinite d and h; hence, it may deviate from the exact location of the reflectance minimum, because the evanescent fields in the vacuum gap and the NIM layer are strongly perturbed by the interface between the prism and the vacuum and that between the NIM and the bottom dielectric. Moreover, the frequency corresponding to the reflectance minimum is different from those at the absorptance maximum and the transmittance maximum. Nevertheless, it can be evidenced that surface polaritons, together with the geometric parameters, can be used for effective manipulation of the optical properties. For example, a transmittance peak as high as 0.5 can be observed when d / p = 0.25, with the nonzero ␥. The enhancement of transmission through evanescent waves may be applied to microscale thermophotovoltaic energy-conversion devices. Similar features can also be observed for p polarization, not shown here, with two dips in the reflectance and two peaks in the transmittance, associated with the single-surface polaritons in regions SS1 and SS2 of Fig. 3. 
CONCLUSIONS
The polariton dispersion relations for surface and bulk polaritons in an NIM layer surrounded by different dielectric media are obtained and presented in a regime map, allowing the identification of different polariton modes. The polariton dispersion curves reveal a unique phenomenon with an NIM slab; a surface polariton can be converted to a bulk polariton, and vice versa. The calculated reflectance spectra in an ATR configuration involving an NIM layer shows that the NIM layer thickness and the vacuum gap width are important parameters that can change the polariton resonance frequency, the reflectance minimum, and the width of the reflectance dip. Furthermore, a region in which a surface polariton can be excited only at a single interface of the NIM slab is recognized. In this case, a surface polariton can enhance the transmittance of energy via photon tunneling. The modifications of the optical properties for multilayer structures by use of an NIM slab with the assistance of polariton phenomena may have practical applications, such as optical imaging and energy-transfer enhancement. Fig. 6 , except that the angle of incidence is changed to i = 30°. The diamond mark corresponds to the single SPR frequency predicted from the dispersion relations for semi-infinite media.
